Abstract: This paper mainly discusses the impact of carbon emission cap-and-trade mechanism on the order decision-making with stochastic demand. First, considering the stochastic demand, carbon emission cap-and-trade, a single-cycle order model has been established. Then this model is solved and the optimal order quantity is put forward. Many interesting observations which are different from the order decision-making for stable demand are found out. The research shows that: a value range of carbon trading price exists; carbon cap-and-trade mechanism can motivate the organisations to reduce carbon emissions effectively; whether the company should buy carbon credits depends on the actual carbon emission and carbon emission cap; reducing carbon emissions does not necessarily lead to high cost. In certain situations, companies can reduce carbon emission and total cost, increase total revenue simultaneously.
Introduction
The Intergovernmental Panel on Climate Change (IPCC) reports that global warming poses a grave threat to the world's ecological system and the human race. The global warming attracts a lot of attention on carbon emissions around the world (IPCC, 2007) . In order to alleviate global warming, the United Nations (UN), the European Union (EU), and many other countries around the world have enacted legislation or designed mechanisms to curb carbon emissions, including the Kyoto Protocol and the European Union Emission Trading System (Ellerman and Buchner, 2007) . In addition, many industry policy instruments are provided which can be classified as being either price-based (e.g., imposing a tax on carbon emissions) or quantity-based (e.g., imposing a cap on emissions and allowing firms to trade emission permits among each other) . There are now more than 20 platforms for trading carbon in the world. Australia, Canada, Japan, and the USA are paving the way for domestic carbon emission markets. The global carbon market is expected to reach US $2 trillion by 2025. The EU carbon market is estimated to be worth US $131 billion a year, which that in the USA will reach US $60 billion in 2012 (Hua et al., 2011) .
Industry is increasingly recognising the impact of a firm's actions on the carbon emissions of its supply chain . Unions in multiple regions take initiatives to minimise the impact. For example, European Union issued the European Union Emissions Trading Scheme to require the firms to make operation management decisions under the carbon emission cap and trade mechanism (Ellerman et al., 2010) . Giant retailer Wal-Mart purchases the products that are sustainable and environment friendly (Plambeck, 2007) . The carbon emission cap and trade mechanism is also considered when Wal-Mart purchase products from suppliers in order to greening its supply chains (Reuters, 2008) .
To respond to the regulations on carbon emissions, firms tend to adopt more energy efficient equipment, facilities, or vehicles. On the other hand, they can also optimise their operations decisions in production, transportation, and inventory to reduce carbon emissions. However, industry and academia seem to have largely ignored this approach to environmental protection. According to a survey by Accenture, only 10% of companies actively model their supply chain footprints and have implemented successful sustainability initiatives. More than one-third (37%) of supply chain executives have no awareness of the levels of supply chain emissions in their supply chain networks (Hua et al., 2011) . With the rise of research on low-carbon supply chain, industry and academia all actively seek the impacts of low-carbon supply chain on firm decision-making (Carbontrust, 2006; Pan et al., 2010; Hua et al., 2011) . They found that, on the introduction of carbon emission cap and trade mechanism, the decision-making of firms would face more challenges and the results would quite be quite different from those without the mechanism.
At the present time, some scholars have already studied the order decision-making from the perspective of low-carbon supply chain and used EOQ model to analyse the order decision on stable demands (Hua et al., 2011) . They made a lot of interesting observations, but in reality, the situation is that cases of stochastic demand are far more than stable demand cases. How could they build the order decision-making model with stochastic demand? How could they introduce the carbon emissions parameters into the model? And, under stochastic demand, will the implementation of carbon emission cap-and-trading mechanism change the order quantity, the total revenue and the total cost? If there were a change, what would the differences of the relevant results between the EOQ model and the stochastic demand model be?
In this paper, we introduce the carbon emission cap and carbon trade mechanism into the model and study the order decision-making with stochastic demand. This paper contributes mainly from two perspectives:
other is on supply chain decision with carbon emission control mechanism. Therefore, literature review will focus on the two main aspects.
Supply chain design and coordination
Low-carbon supply chain research is to study how to design and coordinate the supply chain to achieve carbon reduction. Many models have been established based on traditional modelling of supply chain designing and coordination. By introducing the restrictions of the carbon cap-and-trade system, the research results reveal new insights into research in this field. For example, Ramudhin et al. (2010) presented a comprehensive mathematical model for supply chain designing of sensitive carbon trading market. It incorporated carbon trading into supply chain network designing. Diabat and Simchi-Levi (2009) presented a novel optimisation model for green supply chain management, the model built by Diabat and Simchi-Levi (2009) can be used to reveal an optimal strategy that meets company carbon emissions cap, while minimising opportunity cost. Similarly, Benjaafar et al. (2012) proposed to address carbon emissions in logistics through supply chain design, planning and coordination, they argued that supply chain design, planning, and coordination can help reduce carbon emissions significantly. Chaabane et al. (2012) introduced a mixed-integer linear programming based framework for sustainable supply chain design. Their model demonstrated that efficient carbon management strategies will help decision makers to achieve sustainability objectives in a cost-effective manner. Jaber et al. (2013) also developed a two-level (vendor-buyer) supply chain model with a coordination mechanism is presented while accounting for greenhouse gas (GHG) emissions from manufacturing processes. The model provided by Jaber et al. (2013) could be found useful by mangers that prefer to jointly minimise the inventory-related GHG emissions costs of their supply chains. Using relatively simple and widely used models, Benjaafar et al. (2013) illustrated how carbon emission concerns could be integrated into operational decision-making with regard to procurement, production, and inventory management.
Also, researchers claim that reduction in carbon emission in supply chain is not only linked with carbon cap-and-trade system, but also associated with supply chain configurations as well as the relationship between members in the chain. For example, Cachon (2009) explored the effects of carbon emission targets on structure and operations of supply chain. Cholette and Venkat (2009) calculated the energy and carbon emissions associated with each transportation link and storage echelon in a wine supply chain. It was found that different supply chain configurations can lead to immense difference in energy consumption and carbon emissions. For example, Sundarakani et al. (2010) examined the carbon footprint across supply chain, and found that supply chain collaboration can lead to lower emissions, which is more economical for the entire supply chain.
Supply chain operations decision
In carbon cap-and-trade system, decision making style is different from traditional ones in supply chain. To discover the difference, several researchers utilise classical economic order quantity (EOQ) model and findings suggest indication in new aspects. Among the examples, Hua et al. (2011) derived the optimal economical order quantity and examined the impacts of carbon trade, carbon price and carbon emissions cap on order decisions, carbon emissions and total cost. Bouchery et al. (2012) reformulated the classical EOQ model as a multi-objective problem and also studied a multi-echelon extension of the sustainable order quantity model. They used an interactive procedure that allowed the decision maker to quickly identify the best option among these solutions. Using the EOQ model, Chen et al. (2013) provided a condition in which it was possible to reduce emissions by modifying order quantities.
As for supply chain operations decision with carbon emission cap-and-trade, the emphasis is put on the fields including joint production, transportation decision and supply chain network design, etc. In joint production, Penkuhn et al. (1997) presented a non-linear model for joint production by integrating emission tax issues. In transportation decision, Kim et al. (2009) verified the relationship between transportation costs and carbon emission costs in truck-only transportation system by a multi-objective optimisation test. El Saadany et al. (2011) developed a two-level supply chain model to investigate the performance of a supply chain with consideration of product, process and environmental quality characteristics. In supply chain network design, Ramudhin et al. (2008) presented a comprehensive mathematic model for green supply chain network designing that is sensitive to carbon trading market. This model helped decision makers gain the insights into the trade-off relationship between the total logistics costs and reducing GHG.
From the literature review mentioned above, it can be seen that researchers, such as Hua et al. (2011 ), Bouchery et al. (2012 and Chen et al. (2013) , explored the impact of carbon emission cap and trade mechanism towards order decisions. We found that Benjaafar et al. (2013) , Hua et al. (2011) and Chen et al. (2013) had established models for order decision. However, their models were relatively simple without the consideration of the stochastic demand scenarios. Specifically, Bouchery et al. (2012) studied on sustainable order quantity model by transferring classical EOQ model. Different from Hua et al. (2011 ), Bouchery et al. (2012 and Chen et al. (2013) , based on the EOQ model, this paper mainly studies how firms make order decisions under carbon emission cap and trade mechanism, with stochastic demand condition. This study is considered to contribute to improvement in two facets. Firstly, we compare our results with those of Hua et al. (2011) . We also examine the impacts of carbon emission cap and trade mechanism on optimal order quantity, total cost, total revenue and carbon emissions. Next, we also discuss the impacts of the variation of carbon emission cap or carbon price. Many interesting results and provide managerial insights have been found which will benefit for business managers and policy makers.
Optimal order decision model with stochastic demand
In this section, we study the order decision model for stochastic demand with carbon emission cap and trade mechanism. In the carbon trading mechanism, a firm is allocated a limit or cap on carbon emissions. If its amount of carbon emissions exceeds the carbon emission cap, it can buy the right to emit extra carbon from the carbon trading market. Otherwise, it can sell its surplus carbon credit. Obviously, this market mechanism can unify environmental objective and economic objective. In all, we build an order model with stochastic demand and derive the optimal order quantity, then examine the impacts of carbon trading on the optimal order, carbon emissions, total cost and total revenue.
Problem description and assumptions
We assume that the customer demand is stochastic demand and retailers must be careful to make order decision because, on the one hand, if the order is excessive, the oversupply of inventory will cause unsalable cost; otherwise, if the order is in short of supply, there will be loss of profit opportunities. On the other hand, the excessive order quantities will lead to large amount of carbon emissions in inventory and transportation processes, which will eventually transform into the corresponding cost of carbon emissions. On the contrary, if the order quantity is small enough to leave some carbon credit, which can turn to income from the trade market. Considering this two aspects, we establish a retailer's order decision model under stochastic demand. The assumptions are adapted from assumptions of Hua et al. (2011 ), Bouchery et al. (2012 and Chen et al. (2013) , as shown below:
The retailer's order decision model is a single-cycle model, that is, he only orders once in an entire period (Hua et al., 2011; Bouchery et al., 2012) .
Assumption 2
The demand is continuous and stochastic demand, that is, in the considered period, the demand is a stochastic and continuous variable and its probability distribution function is known.
Assumption 3
Throughout the transportation process, the means of transportation does not change, which means that the carbon emissions during transportation are only influenced by the quantity of order (Hua et al., 2011; Chen et al., 2013) .
Assumption 4
We assume that retailers make order decisions before they get to know the demand of customers. After they get the goods that they order, they will send goods to customer according to their demand directly. If customer's demand D is less than retailer's order quantity Q, there will be stock left. Otherwise, there will be no stock. In addition, carbon emissions in the inventory have a positive correlation with the stock quantity (Hua et al., 2011; Bouchery et al., 2012) .
Assumption 5
The shortage cost exists as if the order quantity is too small to satisfy the demand, profitable opportunities will lose (Hua et al., 2011; Bouchery et al., 2012; Chen et al., 2013) The notations involved in the model are shown in Table 1 . 
M(Q)
Total storage cost in an order cycle 
Model building
When retailers make order decisions, they need to consider the following costs and benefits: sales revenue, purchase cost, storage cost, shortage cost and carbon emissions cost (or gains). It is noted that carbon emissions include carbon emissions from transportation and carbon emissions from inventory, because both transportation and inventory consume energy (Chen et al., 2013 , Hua et al., 2011 . We set that retailers make order decisions based on how to maximise profit. So we consider all these costs and benefits into our model. Through maximising the gains, we can derive the optimal order quantity.
• Total storage cost:
• The gains (or losses) in carbon trading market:
In equation (3), total carbon emissions of transportation:
According to Assumption 4, when customer demand D is less than the retailer's order quantity, there will be stock (Q-D) left. In this case, the carbon emissions amount from inventory equals fixed carbon emissions plus g(Q-D). However, if customer demand D is greater than retailer's order quantity Q, there will be no stock. In this case, carbon emissions in inventory equal G 0 . Thus in equation (3), total carbon emissions of inventory:
So, traded quantity of carbon emissions is:
Joint equation (1) to equation (3), the total cost is:
In equation (8), the first item is sales revenue, the second is purchase cost, the third is storage cost, the fourth item is shortage losses and the last item is carbon emission gains or losses in carbon trading market. Thus, the retailer's order decision-making model under carbon emission cap and carbon trade mechanism is as follows:
Maximise the expected revenue of equation (9) and it will get:
If given the demand distribution function, we can get an exact number of order quantity (Q * ) from equation (11) and this order quantity Q * is the optimal order which can maximise the expected revenue. (Proof seen in Appendix A)
Similarly, let C = 0, we can get equation (12) from equation (11):
From equation (12), similarly we can get another order quantity Q 0 . Q 0 is the optimal order quantity without carbon emission cap and carbon trade mechanism.
Optimal order quantity with normal distribution demand
The normal distribution demand is a kind of common stochastic demand describing customers' needs. Here we use such distribution in our model and derive the optimal order quantity.
Set the customer demand obeys D ~ N(μ, σ 2 ). From Section 3.2, we can get the probability of the optimal order quantity Q * is:
Similarly, we can get
The impacts of carbon emission cap and carbon trade mechanism
In this section, it will discuss the impact of carbon emission cap and carbon trade mechanism (carbon emission cap-and-trade) on order decision in Section 4.1, the impacts of carbon emission cap and carbon price on order decision is also be analysed in Section 4.2, then the comparison of these impact with stable demand and stochastic demand will be listed in Section 4.3.
Optimal order quantity with normal distribution demand
Even though the carbon emission cap-and-trade mechanism has been widely recognised, in reality its impact on order decision is not quite clear. In this subsection, we will examine the impacts of carbon emission cap-and-trade on order quantity, total cost, total revenue and carbon emissions.
Theorem 1: When the propose value of Q * is true, carbon trading price must satisfy a certain range, that is:
Proof is shown in Appendix B Theorem 1 shows that in carbon emission cap-and-trade mechanism, when the propose value of Q * is true, carbon trading price must satisfy a range, it cannot increase indefinitely. But the carbon price is not controlled by the operational parameters of a specific company, so the value of Q * is not always true in real order decision with stochastic demand. This conclusion is different from Hua et al. (2011) .
Theorem 2: Carbon emission cap-and-trade system can help reduce carbon emissions when carbon trading price C satisfies a certain range in Theorem 1.
Proof:
We compare carbon emissions of the system without and with carbon emission cap-and-trade:
Compare equation (13) and equation (15), we can easily find that
Thus, we can conclude that the carbon emission cap-and-trade system can help reduce carbon emissions. Theorem 2 shows that the carbon emission cap-and-trade system can help reduce carbon emissions effectively and that is why this mechanism is so popular around the world. Carbon emission cap-and-trade mechanism reflects carbon emissions into costs and benefits system, which encourages enterprises to reduce carbon emissions.
Theorem 3: Whether carbon emission cap-and-trade mechanism will lead to increase or decrease of the total revenue depends on the size relationship between carbon trading price C and other parameters, specified as follows: 
Theorem 3 shows that whether the total revenue increases or not depends on carbon emission cap and carbon price. The carbon emission cap-and-trade mechanism can increase the total revenue if C and α satisfy the conditions listed in Theorem 3.
Theorem 4: Whether carbon emission cap-and-trade mechanism will lead to increase or decrease of the total cost depends on the size relationship between carbon trading price C and other parameters, specified as follows: 
Theorem 4 shows that whether total cost decreases or not depends on carbon emission cap and carbon price. Thus, government can adjust the size relationship between carbon emission cap and carbon price through macro-control to encourage companies reduce carbon emission. Also, it works to increase revenues and reduce costs. Theorem 5 shows that whether the retailer should sell or buy carbon credit depends on the carbon emission cap. When the cap is lower than the threshold, he should sell carbon credit; when the cap is higher than the threshold, he should buy carbon credit; and the transfer quantity is between the cap and the threshold. Otherwise, he should neither sell nor buy carbon credit.
The impacts of carbon emission cap and carbon price on order decision
In the carbon emission cap-and-trade mechanism, when carbon emission cap or carbon price changes, what is the impact on retailers' order decision? How should the government make use of the relationship between carbon allowance and carbon price to establish relevant policies? In this section, we will study the above problems and draw series of conclusions, which are helpful for the government and retailers.
Theorem 6: Given a fixed carbon price C, if the carbon emission cap α decreases, then the order size Q * and carbon emission H(Q * ) will remain constant; the transfer quantity X will decrease and the total cost TC(Q * ) will increase, meanwhile, the total revenue W(Q * ) will decrease.
Proof: From equation (6), equation (7), equation (13) and equation (14), we can derive the results easily.
Theorem 6 is the same as Hua et al. (2011) , which implies that carbon emission cap does not affect the retailer's order decision if C is not be affected by α. Since the optimal order quantity is decided by the carbon price, rather than the carbon emission cap. Theorem 6 is intuitive: with less carbon emission cap, the retailer has less carbon credit to sell (X > 0), or has to buy more carbon credit (X < 0), which of course increase the total cost and decrease the total revenue.
Theorem 7:
If the carbon price is a decreasing function of the retailer's carbon emission cap, that is C = C(α), C′(α) < 0,and the condition g < e is satisfied, then when the carbon emission cap increases, the order quantity and carbon emissions will increase; when the carbon emission cap decreases, the order quantity and carbon emissions will decrease.
Proof is shown in Appendix E.
Theorem 7 shows that carbon emission cap will affect order quantity decision and carbon emission because of carbon price. In carbon trading mechanism, the amount of carbon emission is a kind of tradable commodity. According to the principle of supply and demand, in carbon emission trading market, if the amount of carbon emission increases, the carbon price will decrease and vice versa. Thus, the carbon price will decrease with the increase of carbon emission cap. That is why if carbon cap α decreases, order quantity Q * and carbon emission H(Q * ) will decrease at the same time. In reality, the carbon emission cap of a country or a region has been decided. So when the government implements macro-control policies, it can only adjust the carbon price. Theorem 8 explores the impacts of carbon price change when carbon emission cap is fixed.
Theorem 8: Given a fixed carbon emission cap α and it will not affected by the carbon price C, then when C increases, the order quantity Q * and carbon emission H(Q * ) decrease. When C decreases, the order quantity Q * and carbon emission H(Q * ) increase.
Proof: From (13) and (14), we can easily derive Theorem 8.
From Theorem 8, it can be learned that if the carbon emission cap α is fixed, the government can encourage retailers to reduce carbon emissions or increase order quantity through the change of carbon price. But the total cost may increase or the total revenue may decrease at the same time. So the government should consider all aspects and issue proper policies.
Comparison of results with stable demand and stochastic demand
Our modelling method is similar with Hua et al. (2011) . But Hua et al. (2011) is with the stable demand and this paper is with stochastic demand. However, the model analysis and results of both articles have many similar parts and many different parts. Table 2 lists the detailed comparison.
From Table 2 , we can see there are many similar conclusions for two different demand types: 1 carbon emission cap-and-trade mechanism encourages retailers to reduce carbon emissions 2 when a threshold α 0 is existed, if α < α 0 , then the retailer should buy (α 0 -α) units of carbon credit; if α > α 0 , then the retailer should sell (α -α 0 ) units of carbon credit; If α = α 0 , then the retailer should neither buy or sell carbon credit 3 given a fixed carbon price and it will not be affected by the carbon emission caps α, if α decrease, then the order size and carbon emission remain no change; the transfer quantity X decreases and the total cost TC(Q * ) increases.
From Table 2 , we can also see there are many different conclusions:
1 with stochastic demand, the size relationship between Q * and Q 0 only deals with carbon price C; while with stable demand, the size relationship between Q * and Q 0 is decided by g/e and h/k 2 in carbon emission cap-and-trade system with stochastic demand, carbon price C must satisfy a certain range, that is: Table 2 Comparison of conclusions with stable demand and stochastic demand Hua et al. (2011) This paper
Customers demand characteristics Stable demand
Normal distribution demand 
Table 2
Comparison of conclusions with stable demand and stochastic demand (continued) Hua et al. (2011) This paper
The impacts of carbon emission cap-and-trade mechanism on total cost 1 when 
Comparison of conclusions with stable demand and stochastic demand (continued) Hua et al. (2011) This paper Note: h is holding cost per unit with stable demand.
In this section, we present a series of numerical examples to illustrate the above analytical results. First we set the values of some parameters as: μ = 800, σ = 100, p = 200, e = 2.5, g = 1, E 0 = 25, G 0 = 20, C 1 = 10, C 2 = 150. The rest of the parameters and the results are summarised in Table 3 . The results in Table 3 verify most theorems mentioned in Section 4. They show that the optimal order size Q * is always smaller than order size Q 0 and the carbon emission H(Q * ) is always smaller than H(Q 0 ) too. This illustrates that the carbon emission cap-and-trade mechanism will induce retailers to order less to reduce the carbon emission.
Comparing the first row and the fifth row in Table 3 , we can find that the carbon emission cap-and-trade mechanism may result in an increase of total cost and decrease of total revenue in some conditions, may also result in a decrease of total cost and increase of total revenue in other conditions. Besides, the first row of Table 3 can illustrates that carbon emission cap-and-trade mechanism does not necessarily lead to a high cost of retailer, under some condition, retailer can gain larger revenue and reduce the carbon emission and total cost at the same time.
The comparison of the first row and the third row can verify Theorem 6. Given a fixed carbon price, if the carbon emission caps α decrease, then the order size and carbon footprints remain constant; the transfer quantity X decreases and the total cost TC(Q * ) increases, meanwhile, the total revenue W(Q * ) decreases. Theorem 7 can be verified by the comparison of the first, the second and the sixth row. If the carbon price is a decreasing function of the retailer's carbon emission cap, that is C = C(α),C′(α) < 0, when the carbon emission cap increases, the order quantity and carbon emissions will increase; when the carbon emission cap decreases, the order quantity and carbon emissions will decrease. Theorem 8 can be verified by the comparison of the third row and the fourth row. Given a fixed carbon emission cap, when the carbon price C increases, the order quantity Q * and carbon emission H(Q * ) decrease; When the carbon price C decreases, the order quantity Q * and carbon emission H(Q * ) increase.
Conclusions and future works
As many countries around the world have enacted regulations and legislations on low carbon development, firms have to incorporate carbon footprint management into their business decisions. This paper studied how the firms should make order decision with stochastic demand under the carbon emission cap-and-trade mechanism. This paper also compared the optimal quantity with conventional order quantity, and examined the impacts of carbon emission cap and trade mechanism on order quantity, total cost, total revenue and carbon emissions. We provided a series of numerical examples to illustrate the analytical results and gained some useful insights for policy enacting and order decision making. We found that the cap-and-trade mechanism will make retailers to order less quantity and encourage them to reduce carbon emissions. Besides, the mechanism may result in an increase of total cost or a decrease of total revenue in some conditions. However, the mechanism may result in a decrease of total cost, an increase of total revenue and a reduction of carbon emission simultaneously in other conditions. Moreover, the carbon price should have a value range, which cannot be too large to inhibit the normal business activities or too small to have effects on the reduction of carbon emissions.
We also found that if the carbon emission cap is fixed and the carbon price decreases, then the order size and carbon footprints remain constant; the transfer quantity decreases and the total cost increases, meanwhile, the total revenue decreases. If the carbon price is a decreasing function of the retailer's carbon emission cap, when the carbons cap increases, the order quantity and carbon emissions will increase. If the carbon emission cap is fixed, then when the carbon price increases, the order quantity and carbon emission decrease.
There are several topics for the further research. In this paper we only considered single-cycle order model, while in reality the ordering process is usually multi-cycle. Besides, we did not incorporate price decisions into the model. Future research may consider the joint order and pricing decisions and examine the impact of the cap-and-trade mechanism on the end-customers. Since different transportation modes can also result in different amounts of carbon emissions, another interesting topic is to study the joint order and transportation mode decisions. Furthermore, we did not take into account the carbon emissions from production. This amount of carbon emissions may sometimes exceed transportation and warehousing emissions and it is a big challenge that the carbon emissions from production will not directly influence the retailer (who is not directly responsible of these emissions). Further research could study these aspects in detail.
Appendix A
Proof: From equation (9), the expected revenue of retailers:
The first item of (A.1)
is a constant item which has nothing to do with the order quantity, let: 
From (A.3) and (A.4), we can get that Q
* minimises E[C(Q)] and maximises E[W(Q)]
. So Q * is the optimal order quantity.
Appendix B
Proof: 
Appendix C
Proof: When the demand function is the normal distribution, ( ) Step 1 Integrate ( ) 
As the expectation of normal distribution is as follows: 
Step 2 Integrate ( )
Step 3 Calculate 
Step 4 
Thus, equation (C.6) can be written as: 
From equation (C.8), we can see that if 
